Abstract. The current study explains the development of sorbitan monostearate and sesame oil-based organogels for topical drug delivery. The organogels were prepared by dissolving sorbitan monostearate in sesame oil (70°C). Metronidazole was used as a model antimicrobial. The formulations were characterized using phase contrast microscopy, infrared spectroscopy, viscosity, mechanical test, and differential scanning calorimetry. Phase contrast microscopy showed the presence of needle-shaped crystals in the organogel matrix. The length of the crystals increased with the increase in the sorbitan monostearate concentration. XRD studies confirmed the amorphous nature of the organogels. Viscosity study demonstrated shear thinning behavior of the organogels. The viscosity and the mechanical properties of the organogels increased linearly with the increase in the sorbitan monostearate concentration. Stress relaxation study confirmed the viscoelastic nature of the organogels. The organogels were biocompatible. Metronidazole-loaded organogels were examined for their controlled release applications. The release of the drug followed zero-order release kinetics. The drug-loaded organogels showed almost similar antimicrobial activity against Escherichia coli when compared to the commercially available Metrogyl® gel. In gist, it can be proposed that the developed organogels had sufficient properties to be used for controlled delivery of drugs.
INTRODUCTION
Gels are semisolid formulations prepared by dispersing a micromolecular liquid in a three-dimensional (3-D) network of a solid component, which forms a supramolecular 3-D architecture. The molecules of the solid component generally undergo strong intermolecular bonding (physical force) or forms chemical bonds. This results in the cross-linking of the solid molecules to form a 3-D architecture (1) .
Immobilization of the liquid component inside the networked arrangement of the solid constituent can be credited to the interfacial activity between the solid and liquid constituents (2) . The liquid phase may either be polar or apolar. If the liquid phase is polar in nature, then the gels are called as hydrogels, otherwise, organogels (3) . The solid components are named as gelator (4) . Organogels offer numerous advantages over conventional gel compositions. Due to the absence of polar phase, they are safe from bacterial attacks and hence do not require addition of preservatives.
Organogels are reported to have numerous applications in pharmaceutical, nutraceutical, food, and cosmetic industries (5) .
Organogels have been investigated successfully as dermal pharmaceutical formulations (6) . The formulations designed for topical applications should be able to interact with the skin, which acts as an anatomical and biological barrier for drug penetration to the systemic circulation. Many organic substances, like lipids, work as a penetration enhancer. The cosmetics industry employs organogels in personal care products like sunscreens, lipsticks, and moisturizers (7) .
The food industry utilizes organogel-based products for structuring edible oils at low concentrations of the gelator molecules. The commonly used organogelators include monoacylglycerols, diacylglycerols, triacylglycerols (8) , fatty acids (9) , fatty alcohols (9), waxes, wax esters (10) , and sorbitan monostearate (8) .
Sorbitan monostearate (SMS) is a non-ionic surfactant which is hydrophobic in nature and forms organogel of organic solvents (e.g., hexadecane, isopropyl myristate, and a range of vegetable oils like sesame oil, groundnut oil, olive oil, soybean oil, sunflower oil) (11, 12) . Sorbitan monostearatebased organogels have also been developed for pharmaceutical applications (13, 14) .
Sesame oil is obtained from the ripe seeds of Sesamum indicum L. Sesame seeds contain the highest oil (44-58%) among the primary edible oils along with proteins (18-25%) and carbohydrates (13.5%) (15) . Sesame oil has been used Electronic supplementary material The online version of this article (doi:10.1208/s12249-014-0223-7) contains supplementary material, which is available to authorized users.
extensively for pharmaceutical and cosmetic applications due to its antiseptic, disinfectant, antiinflammatory, antitubercular, antiviral, antibacterial, and antioxidant properties (16) . The major components of sesame oil (sesamin, sesamolin, and sesamol) provide stability against oxidative deterioration of the formulations (17, 18) . Sesame oil has the highest antioxidant content among the primary edible oils (19) . It also contains abundant fatty acids such as oleic acid (43%), linoleic acid (35%), palmitic acid (11%), and stearic acid (7%) (15) . It possesses a distinct flavor which makes it a suitable candidate to be used in the food industry (16) . These characteristics have drawn the interest of many scientists to use sesame oil in various pharmaceuticals, cosmetics, and food products (20) . Sesamin, a major lignan present in sesame oil, is reported to show cholesterol-lowering and antihypertensive activities (21) . Chen et al. reported a significant decrease in the serum total cholesterol levels and low-density lipoprotein cholesterol in the diet supplemented with sesame oil. It also enhanced the antioxidant capacity in hypercholesterolemic patients (22) . Tsuruoka et al. suggested that sesamin regulates lipid metabolism, xenobiotics, and alcohol at the messenger RNA (mRNA) level (21) . Periasamy et al. reported protection against sinusoidal obstruction syndrome by downregulating matrix metalloproteinase-9 expression, upregulating TIMP-1 expression, and inhibiting oxidative stress by a single prophylactic dose of sesame oil (23) . Saleem et al. demonstrated antioxidant and tumor necrosis factor alpha-inhibiting activity of sesame oil against acute doxorubicin-induced cardiotoxicity by enhancing cardiac endogenous antioxidants and decreasing myocardial TNF-α expression (24) .
Keeping these facts into consideration, the current study reports the development of the organogels using sorbitan monostearate as the organogelator and sesame oil as the organic phase. To the best of our knowledge, sorbitan monostearate and sesame oil-based organogels have not been reported so far. The presence of sesame oil may impart its beneficial effects when the organogel is applied topically. The organogels were developed by varying the concentration of sorbitan monostearate. The stable organogels were characterized using various techniques such as microscopy, Fourier transform infrared (FTIR) spectroscopy, viscosity, mechanical properties, and differential scanning calorimetry. Metronidazole, a model antimicrobial drug, was incorporated into the organogels. The release of the drug from the organogel was checked by in vitro release studies. The qualitative release study was done to understand the antimicrobial efficacy of the drug-loaded formulations.
MATERIALS AND METHOD

Materials
Sorbitan monostearate was obtained from Loba Chemie Pvt. Ltd., Mumbai, India. Food-grade sesame oil (Tilsona®) was obtained from Recon Oil Industries Pvt. Ltd., Mumbai, India. Metronidazole was kindly provided by Aarti Drugs, Mumbai, India. All the chemicals were used as received. Nutrient agar was received from HiMedia Laboratories Pvt. Ltd., Mumbai, India. The microbial culture of Escherichia coli (NCIM 2563) was obtained from the National Collection of Industrial Microorganism (NCIM), Pune, India. Milli-Q water was used throughout the study.
Methods
Preparation of Organogel
The required quantity of sorbitan monostearate was dissolved in sesame oil (70°C, 500 RPM). The stirring was continued for 15 min under similar experimental condition to obtain a homogenous transparent mixture. The optimization of the composition of the organogel was done by varying the concentration of sorbitan monostearate from 5% w/w to 22% w/w. The minimum gelator (SMS) concentration required for inducing gelation is called the critical gelator concentration (CGC). The compositions tested for the gel formation are shown in Table I . The hot mixture when cooled to room temperature forms organogel at the sorbitan monostearate concentration ≥CGC. The formulations which did not show flow on inversion were selected as the representative samples for further characterization. The organogels were examined for their organoleptic properties like odor, color, texture, pH, oil leakage, phase separation, and tendency to flow (25) .
Metronidazole was added to the organogels as a model antimicrobial drug at a concentration of 1% w/w. The drugloaded organogels were prepared in a similar way. The drug was uniformly dispersed in sesame oil before adding sorbitan monostearate.
Stability Studies
The stability of the organogels was evaluated by accelerated stability study (freeze-thaw method) and intermediate stability study (incubated at 30±2°C/65±5% RH for 6 months as per ICH guidelines). The organogels were evaluated by physical observation (color, odor, texture, consistency), viscosity, oil leakage, phase separation, or any other sign of destabilization after each cycle of freeze-thaw thermocycling and at predefined time intervals (0, 1, 2, 3, and 6 months) during intermediate stability study (26) .
Gelation Kinetics Study
The kinetics of gelation was studied by visible spectroscopy. A spectrophotometric scan was performed in the visible range (400-700 nm) to find the absorbance maxima of sesame oil. The organogels were molten and their absorbance was measured on a timescale for 2.5 min at an interval of 5 s during the cooling process. The scanning was carried out at the absorbance maxima of sesame oil. A constant weight (2.5 g) of organogels was used for the entire experiment.
Microscopic Studies
The microstructure of the organogels was studied using phase contrast microscopy (Primo Vert, Zeiss) equipped with camera (Axio Cam ERc5s). Thin smears of the organogel were prepared on glass slides and observed under ×40 magnification (27) .
Fourier Transform Infrared Spectroscopy
The infrared spectra of the prepared organogels were recorded in the range of 400-4000 cm −1 using Bruker ALPHA-E FTIR spectrophotometer (USA) being operated in the attenuated total reflectance (ATR) mode. The spectrum was generated by accumulating 32 scans with a resolution of 4 cm −1 . The background measurements were subtracted from the actual sample measurement (28, 29) .
Mechanical Properties
The mechanical properties of the developed organogels were studied using a cone and plate viscometer (Bohlin Visco 88, Malvern, UK) (30) and static mechanical tester (Stable MicroSystems, TA-HDplus, UK) at room temperature as per the reported literature (31) . The study using a static mechanical tester was performed according to the protocol shown in Table S1 . Cyclic creep and recovery studies were performed to assess the rheological properties of the organogels. The study was done by applying a constant force of 50 g using a cylindrical probe (diameter, 30 mm) in auto force mode (3 g) for 5 min (creep) followed by 5 g force for the next 5 min (recovery). The creep and the recovery studies were repeated for 10 cycles.
Thermal Properties
The melting points of the organogels were determined by the drop-ball method using a melting point apparatus (model-931, EI, India) (32) . The differential scanning calorimetry (DSC) study was performed using DSC 200F3 Maia, Netzsch, Germany. The organogels (∼15 mg) were hermetically sealed in aluminum pans, with pierced lids. The melting and crystallization events were recorded in the temperature range of 25°C-150°C at a thermal scanning rate of 5.0°C min −1 (27) .
Biocompatibility Study
Biocompatibility evaluation of the organogels was done using HaCaT cell lines. The leachants of the organogels were prepared by extraction in phosphate buffer saline (pH 7.2) for 24 h. Cells were seeded in a 96-well plate at a density of 1.0×10 4 cells per well in the presence of Dulbecco's modified eagle medium supplemented with 10% fetal bovine serum. It was then kept in a humidified chamber supplied with 5% CO 2 maintained at 37°C. Then, 20 μl of the organogel extracts was added to each well and kept for incubation for 24 h. The culture medium was replaced with fresh medium and 100 μl of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) dye was added to each well. It was incubated for 3 h of at 37°C and then the media were discarded. To this, 200 μl of dimethyl sulfoxide (DMSO) was added, which dissolves the insoluble formazan crystals and formed a purple-colored solution (33) . The complete medium was taken as control. The cell viability was assessed with respect to the control by measuring the absorbance of the colored solution of formazan crystals in DMSO at 570 nm using a microplate reader (Multiskan EX, Thermo Scientific, Shanghai, China) (34).
In vitro Drug Release Studies
In vitro release studies of metronidazole from the organogel were performed using a modified Franz diffusion cell. The apparatus consisted of donor and receptor chambers. Accurately weighed (∼1.0 g) samples were placed in the donor chamber attached to a previously activated dialysis membrane. The receptor chamber was filled with 50 ml of the dissolution media (phosphate buffer saline, pH 6.8), kept under stirring at 100 RPM (37°C). The donor chamber was brought closer to the receptor chamber, such that the dialysis membrane attached to the donor chamber just touched the dissolution media. The complete media were replaced with fresh media at predetermined time intervals and a small quantity (5 ml) was stored under refrigeration (2°C-8°C) for spectroscopic measurement. The study was performed for 12 h. The stored samples were filtered through a 0.45-μm Millipore filter and assayed using a UV-vis spectrophotometer (UV 3200 double beam, Lab India) at 321 nm (35) .
Antimicrobial Study
Metronidazole-loaded organogels were tested for their antimicrobial efficacy against E. coli according to the literature reported elsewhere (26) . Two controls were taken, a positive (commercially available metronidazole gel, Metrogyl®) and a negative (blank organogel) control. The petri plates were incubated under aerobic conditions at 37°C for 24 h. The zone of inhibition was measured at the end of 12 h of incubation and compared with the positive and the negative controls (36) .
RESULTS AND DISCUSSION
Preparation of the Organogels
The formulations containing lower concentrations of sorbitan monostearate (<15% w/w) resulted in the phase separation. The formulations did not form organogels when cooled to room temperature (25°C). At a gelator concentration ≥15% (w/w), organogels were formed when the hot mixture of sorbitan monostearate and sesame oil was slowly cooled down to room temperature. The solution of sorbitan monostearate and sesame oil was transparent when hot, which slowly turned turbid and finally converted into organogel (opaque). In general, water-devoid organogels require a high gelator concentration to induce gelation. Shah et al. found the minimum sorbitan monostearate concentration to be 20% w/w using olive oil as apolar phase (13) . Behera et al. used 18% w/w of sorbitan monostearate for preparing sunflower oil-based organogels (37) . The organogels were slightly yellowish in color and were smooth in texture ( Figure S1 ). The organogel formulations were selected for further analysis (Table II) .
A concentration-dependent change was observed in the physical properties of the prepared organogels. The consistency and smoothness of the organogels increased with the increase in the concentration of the sorbitan monostearate. The organogels with lower proportions of sorbitan monostearate were easily spreadable. The organogels containing higher proportions of sorbitan monostearate formed organogels in less time and possessed higher consistency and viscosity. All the organogels showed pH in the range of 6.5-7.0 (Table S2) .
Stability Studies
The organogels did not show any signs of destabilization at the end of the accelerated and intermediate stability studies. The study was aimed at predicting the long-term stability of the organogels. A stable product should retain its structural integrity when subjected to harsh temperature treatments. The appearance, pH, color, odor, consistency, and texture of the organogels remained unaltered. Hence, the developed organogels can be considered as stable gels. The high stability of the organogels may be attributed to the close packing of sorbitan monostearate molecules which resulted in the formation of the stable 3-D network. Usually, stable network results in the formation of a stable organogel.
Gelation Kinetics Study
Sesame oil showed an absorbance maximum at 451 nm. Hence, the time scan of the organogels was performed at 451 nm for 2.5 min. The organogels were transparent liquid at molten condition (70°C). The molten gels were cooled to room temperature and the absorbance was measured at a regular time interval of 5 s. The absorbance of the samples increased during the sol-to-gel transformation. A near-sigmoidal-shaped curve was obtained when the absorbance values were plotted against time (Fig. 1) . Initially, the organogels showed an almost constant absorbance profile, suggesting a lag phase of gel formation. The absorbance values were higher in the organogel containing higher concentrations of sorbitan monostearate. The initial absorbance values of the organogels were in the order of OG1<OG2<OG3<OG4. The time required in reaching the equilibrium phase was considered as the gel setting time. The total time required to achieve the equilibrium phase was in the order of OG1>OG2>OG3>OG4. The time required for gelation per gram of the gel was calculated (Table S3 ). In general, the gel setting time decreased with the increase in the gelator concentration. The sigmoid curve and long-term equilibrium phase indicated one-dimensional (1-D) crystal growth and followed first-order kinetics (38) .
Microscopic Studies
The phase contrast micrographs of the organogels are shown in Fig. 2 . The organogels showed the presence of needle-shaped structures distributed uniformly throughout the matrix. The sizes of the crystals increased with the increase in the concentration of sorbitan monostearate.
Molecular Properties
The FTIR spectra of the blank organogels and metronidazole-loaded organogels are shown in Figure S2 . All the major peaks of the raw materials (sorbitan monostearate and sesame oil) were present in the blank as well as in the drug-loaded organogels and were exactly in match with the reported literature (39, 40) . This confirmed that there were no significant interactions between the components at the molecular level. The absorption bands at ∼2920 and 2852 cm −1 were due to the C-H asymmetric and symmetric stretching vibrations of the sorbitan monostearate and sesame oil. The absorption band at ∼1746 cm −1 was attributed to the presence of a C=O stretching vibration due to the ester group of the triglycerides present in the sesame oil (40) . The absorption band at ∼1478 cm −1 was due to CH 2 bending vibrations (41). An absorption peak at ∼1165 cm −1 represented in-plane bending of the aromatic C-H bonds (42) . The absorption band at ∼717 cm −1 was due to the out-of-plane rocking vibrations due to -(CH 2 ) n -groups (39) . The absorption peaks of metronidazole were absent due to its presence in very minute quantity in the drug-loaded organogels (26) .
Mechanical Properties
The small-scale deformation study of the developed organogels was performed by viscosity analysis. The organogels showed a shear thinning behavior, confirmed by the decrease in the apparent viscosities at higher shear rates (Fig. 3a) . Initially, the apparent viscosity reduced sharply at lower shear rates, but became steady at higher shear rates. This can be explained by the faster reduction in the size of the gelator molecule crystal aggregates as the shear rate was increased. The bigger crystals may break into smaller crystals (fragmentation) and may rearrange themselves into a parallel direction with shear. The breaking of the larger crystals into smaller crystals was confirmed by analyzing the microstructure of the organogels after the viscometric analysis. The micrographs showed the presence of a 3-D network structure of the gelator molecules, but the size of the crystals were much smaller as compared to the crystals observed before the viscometric analysis ( Figure S3 ). During the shear, the crystals align themselves in the direction of the shear which results in the decrease in the viscosity at higher shear rates. This phenomenon has been well explained by Czerwinski, where they The crystals reorganize after the removal of the shear and form the network structure (43) . Hence, a flow is observed due to the particle-particle interaction resulting in the decrease of the viscosity. The viscosity data was fitted using Ostwald-de Wale power law equation (44) ð1Þ where, τ is the shear stress (Pa) at g shear rate (s
), K is the flow consistency index (Pa s −1 ), and n is the flow behavior index.
The n value indicated a non-Newtonian flow behavior of the organogels. n value was <1 in all the organogels, which confirmed their pseudoplastic viscous nature (44) . The yield stress of the organogels was obtained by fitting the HerschelBulkley model (Fig. 3b) . Though the values do not specifically represent the strength of the formulations and vary based on the shear rate range used, the yield stress values can be used as an indicative of the comparative firmness of the organogels. The yield stress of the organogels was in the order of OG1<OG2<OG3<OG4, suggesting an increase in the firmness with the increase in the concentration of sorbitan monostearate (Table S4) .
The large-scale deformation studies (stress relaxation and spreadability) of the organogels were studied using a static mechanical tester. The stress relaxation study was performed to examine the viscoelastic property of the organogels (Fig. 3c) . When a force of 5.0 g was detected, the probe moved a distance of 5 mm, which resulted in the increase of the force value, F 0 . The probe was subsequently kept at the said distance for 60 s. The force values decreased with a faster rate initially, which reached to a nearly constant value called as residual force, F r (45) . The percent relaxation of the organogels was calculated by the formula (46)
The % relaxation of the organogels was in the range of 80%-84%, which suggested viscoelastic liquid nature of the (47) . Though the differences in the % relaxation was not significant, it was found to be in the sequence of OG1>OG2>OG3>OG4 (Table III) . The % relaxation decreased with the increase in the sorbitan monostearate concentration. This can be explained by the increase in the rigidity of the organogels as the concentration of sorbitan monostearate was increased. This resulted in the increase of the stability of the formulations. This was also observed in the viscosity studies.
The stress relaxation data was further analyzed by fitting the force-time data using the modified Peleg's equation (48)
where k 1 and k 2 indicate the initial rate and the extent of the relaxation, respectively. The organogels showed a good fit to the Peleg's equation (Fig. 3d) . The k 1 value indicates the rate of force decay, whereas the k 2 value gives the complete picture of the stress relaxation behavior of the system. The k 1 value of OG1 was 2.99. As the concentration of the sorbitan monostearate was increased in OG2, there was a sharp decrease in the k 1 value (1.95). Thereafter, an increase in the concentration of sorbitan monostearate resulted in the increase in the k 1 value. There was a decrease in the k 2 value (marker of the overall relaxation) as the concentration was increased. This indicated a decrease in the extent of relaxation when the concentration of sorbitan monostearate was increased, thereby suggesting an increase in the elastic behavior (Table III) .
The viscoelastic properties were further quantified by calculating the area under the normalized stress relaxation curve (S). The viscoelastic materials possess an S value in between 0 and 1, where "1" represents a perfect elastic nature and "0" represents a liquid nature. The value of S for the organogels was ∼0.48 (Table III) . This suggested that the organogels were viscoelastic fluid in nature.
The spreadability profiles of the formulations are shown in Fig. 3e . The inverse of the area under the positive peak curve gives indication about the spreadability of the formulation. The organogels containing a higher sorbitan monostearate concentration showed a lower spreadability and vice versa. This may be attributed to the higher elastic component of the organogels at a higher concentration of the gelator (Table III) . The spreadability of the organogels was in the order of OG1>OG2>OG3>OG4.
Various other mechanical properties like firmness (positive peak value), cohesiveness (area under the positive peak), and stickiness (negative peak value) of the organogels were calculated from the spreadability studies. The firmness, cohesiveness, and stickiness of the organogels increased linearly with the increase in the gelator concentration. It was in the order of OG4> OG3>OG2>OG1 (Table III) . The results were in accordance to the viscosity and SR studies, which suggested an increase in the elastic component with the increase in the gelator proportion.
The viscoelastic properties of the organogels were further investigated by cyclic creep and recovery studies. The creep phase consisted of the application of a constant shear stress on the samples. The deformation/strain subjected on the sample was recorded as a function of time. During the recovery phase, the applied stress was removed so that the sample recovers from the deformation. The changes in the viscosity (η), creep compliance (J o ), and creep-recovery were calculated from the % strain vs. time plots. The above parameters were calculated for 10 repetitive cycles and were plotted against the number of cycles (Fig. 4a) . The viscosity (η) of a material corresponds to an increase in the deformation when stress is applied. When the concentration of sorbitan monostearate was highest, there was a steep increase in the viscosity during the second cycle (Fig. 4b-e) . Thereafter, there was a continuous decrease in the viscosity. This may be explained by the brittle nature of the gel as compared to the other organogels. The viscosity of the samples was in the order of OG1 < OG2 < OG3 < OG4 ( Figure S4a ). In general, an increase in the organogelator (sorbitan monostearate) concentration resulted in the increase in the overall viscosity of the organogels.
The creep compliance (J 0 ) is defined by the ratio of strain to the applied shear stress. It is the deflection observed at the beginning of the deformation and it indicates the pure elasticity at zero time. In general, J 0 represents the elastic viscous components of the soft materials. The organogels showed an increase in the J 0 values upon repetitive creep studies (Fig. 4b-e) . The increase in J 0 suggested that the elastic components of the organogels increased with the corresponding loss of the viscous components. The rate of change of J 0 was higher during the initial cycles of the study and then it was lower in the later cycles. Also, it increased with the increase in the gelator concentration from OG1 to OG4. It was in the order of OG1<OG2<OG3<OG4 ( Figure S4b) . The results were in support of the viscosity results. The change of J 0 component was higher in OG1 and decreased with the increase in the gelator concentration. This suggested that OG1 lost its viscous nature quickly, which may be associated with the deformation in the gel structure when stress was applied. The increase in the gelator concentration increased the rigidity of the organogels, which resulted in the decreased J 0 values. The presence of gelator resisted the flow when stress was applied. The creep compliance has an inverse relation to the stiffness of the formulations. The % decrease in the creep compliance decreased with a corresponding increase in the gelator content. OG1 showed the highest decrease in % creep compliance, which can be associated with its lowest gelator content. This suggested that the stiffness of the organogels increased with the increase in gelator concentration.
The recovery phase deals with the recovery of the formulations from the developed strain during the creep phase in every cycle. The % recovery was calculated using the formula ð4Þ where g r is the strain value at the end of the recovery phase of each cycle, g 0 is the strain value at the start of each creep cycle, and g c is the strain value at the end of each creep cycle. 
In general, recovery study represents the recovery of the viscoelastic component of the formulations after the application of the shear. The organogels showed very low recovery (0.8%-2.2%) which may be due to the higher solid-like nature of the formulations. The creep-recovery was higher in the organogels containing lower concentrations of sorbitan monostearate. The recovery was in the order of OG1>OG2>OG3>OG4 (Fig. 4f) . In the early stages of the study, a detectable % recovery was observed, but leads to almost constant values with the increase in the number of cycles.
Thermal Properties
The melting points of the organogels increased with the increase in the gelator concentration in the organogels. The organogels showed their melting point in the range of 49°C-54°C. The higher melting points of the organogels with higher gelator fractions indicated higher thermal stability of the organogels. The melting point of the organogels was in the order of OG4>OG3>OG2>OG1 (Table S5) .
The thermal events of sorbitan monostearate, sesame oil, and the organogels were evaluated using a differential scanning calorimeter (Fig. 5) . The melting events [T onset,m (onset temperature), T m (melting temperature), ΔH m (melting enthalpy), ΔS m (melting entropy)] and crystallization events [T onset,c (onset temperature), T c (crystallization temperature), ΔH c (crystallization enthalpy), ΔS c (crystallization entropy)] of the organogels were calculated using the NETZSCH Proteus software (Table IV) . The thermal profile of sorbitan monostearate shows an endothermic and an exothermic peak at 51°C and 45°C, respectively, during the heating and cooling cycles (8, 49) . Sorbitan monostearate showed endothermic and exothermic peaks at 57.2°C and 50.1°C during the heating and cooling cycles, respectively. Sesame oil showed three less intense endothermic peaks at ∼41°C, 101°C, and 148°C Figure S5 ). The heating DSC curves of the organogels showed a sharp endothermic peak in the temperature range of 52°C-54°C, whereas the cooling DSC curves showed a sharp exothermic peak in the temperature range of 45°C-47°C (Fig. 5b, c) . The endothermic and the exothermic peaks can be assigned to the melting and the crystallization temperatures of sorbitan monostearate, respectively. This confirmed the presence of sorbitan monostearate molecules in their nearnative state in the organogel matrices. The corresponding peaks obtained in the organogels shifted slightly towards the lower temperature, which may be associated with the structural changes during the organogel preparation in sorbitan monostearate at the molecular level. The peaks observed in sesame oil were not visible in the organogels, which may be ascribed to the presence of the highly crystalline sorbitan monostearate. Due to the thermal hysteresis, the melting and crystallization peak positions varied. The melting and the crystallization enthalpies and entropies were measured using the area under the respective peaks (Table IV) . The enthalpy (ΔH m ) and the entropy (ΔS m ) of the organogels increased with the increase in the concentration of sorbitan monostearate. It was in the order of OG4>OG3>OG2>OG1. Hence, it can be said that the thermodynamic stability of the organogels increased as the gelator concentration was increased.
The Avrami equation was used to study the crystallization kinetics of the organogels (50) ln ln
where X t is the volume fraction of the gelator at time t and K is the crystallization rate constant. In general, K is influenced by both nucleation and crystal growth (s −1 ); n is the Avrami exponent.
The n value represents the nucleation and the dimension of the crystal growth. It ranges from 1 to 3 depending on the shape and growth of the crystals. An integer value of n=1, 2, and 3 represents the formation of rod-shaped crystals (1-D), disk-shaped crystals (two-dimensional (2-D)), and spherical crystals (3-D), respectively. A non-integer value indicated the formation of irregular-shaped crystals. The degree of gelator transformation (X t ) was calculated from the crystallization exothermic peaks of the DSC thermograms using the following equation:
where H t is the heat associated with the crystallization up to time t and H E is the total heat involved during the crystallization process.
The slope value of the Avrami plots gives the Avrami exponents (n value) (Fig. 5d , Table IV ). The organogels showed non-integer exponent values and were in between 1.2 and 1.4. This suggested predominant first-order nucleation kinetics and formation of 1-D crystal formation (51) . The firstorder nucleation kinetics indicated that the nucleation of the crystals did not occur instantaneously, but was a continuous process during gelation. Hence, the nucleation can either be heterogeneous or simultaneous nucleation (52) . Phase contrast micrographs (Fig. 1 ) also showed the evidence of heterogeneous nucleation during gelation. The change in the n value suggested a change in the order of the crystal growth. The non-integer Avrami exponent values indicated the existence of irregular-shaped crystals. It also suggested the existence of secondary crystallization by the heterogeneous nucleation process during the formation of the organogels. The R 2 values decreased with the increase in the concentration of sorbitan monostearate. This suggested the existence of secondary crystallization process during gelation (Table IV) (52) . Hence, it can be stated that the change in the concentration of the gelator regulated the secondary crystallization.
The mechanism of gelation of sorbitan monostearate in sesame oil was predicted by gelation kinetics studies (Fig. 1) . The heterogeneous nucleation observed during the gelation process was associated with 1-D crystal growth. Sorbitan monostearate molecules arranged themselves as toroidal inverse vesicles, which on further cooling led to the development of rod-shaped tubules (8, 53) . It reduced the interfacial tension during the crystal growth. The non-covalent cross-linking and mechanical entanglement between the gelator molecule and the oil phase led to form an ordered arrangement at the gelatoroil interface. This resulted in formation of the 3-D gelator network (54) .
Biocompatibility Study
The leachant of the organogels was prepared in phosphate buffer (pH 7.2) and was tested for the cell viability against HaCaT cells. The MTT assay confirmed that the cells were viable when put in contact with the organogel extracts ( Figure S6 ). The variation in the cell viability index in comparison to the control was statistically insignificant (p>0.05). Also, there were no significant changes in the morphology of the cells in the presence of the extracts of the organogels as compared to the control. The above results suggested the biocompatible nature of the formulations.
In vitro Drug Release
The cumulative percent drug release (CPDR) of the drug from the organogel was in the order of OG1M>OG2M> OG3M>OG4M (Fig. 6a) . The release study indicated that the rate of drug release was higher in the organogels containing lower gelator concentration. The percentage release of the drug decreased from 64% to 46% when the concentration of sorbitan monostearate was increased from 15% to 22% w/w (Table S6 ). The gelator network might have hindered the migration (diffusion) of the drug, resulting in its lower release with the increase in the gelator concentration. The release studies suggested that the release of the drugs can be controlled by tailoring the concentration of sorbitan monostearate in the organogels. Hence, the developed organogels can be considered as potential matrices for controlled release applications. Shah et al. reported a controlled release of metronidazole in 12 h which was much less (<40% w/w) (13) as compared to the formulations (45%-65% w/w) reported in this study. The release behavior of the drug from the organogel matrix was evaluated using various release kinetic models. The release of the drug followed zero-order release kinetics in all the organogels (R 2 >0.95) (Fig. 6b) . This confirmed concentration-independent diffusionmediated release of metronidazole from the organogel matrices (55) . The zero-order release kinetics from the organogels was expected due to the poor solubility of metronidazole in sesame oil (56, 57) .
The Korsmeyer-Peppas (KP) model was used to investigate the mechanism of drug diffusion (Fig. 6c) . The type of drug diffusion from the organogels was estimated by fitting the 60% of the total drug released data in the Korsmeyer-Peppas model (58) . The diffusion coefficient (n value) of the organogels varied from 0.61 to 0.78, which suggested a non-Fickian release behavior (Table S6) . Hence, the release of metronidazole can be attributed mainly to the diffusion or permeation of the drug through the organogel matrix.
Antimicrobial Test
The antimicrobial assay of the metronidazole-loaded organogels was performed against E. coli. The zone of inhibition obtained after incubating the petri plates was comparable to Metrogyl®. The negative controls did not show any zone of inhibition (Fig. 6d) . The results suggest that the organogels may be tried as matrices for drug delivery.
CONCLUSION
Sorbitan monostearate-sesame oil-based organogels were prepared and characterized thoroughly by investigating various molecular, mechanical, and thermal properties. The micrographs of the organogels showed the presence of needle-shaped crystal structures of sorbitan monostearate. The organogels were stable, smooth, and biocompatible. They were amorphous in nature and showed a non-Newtonian shear thinning flow behavior. The stability (long-term and thermal) and the mechanical properties (viscosity and firmness) increased with the increase in the organogelator (sorbitan monostearate) concentration. The metronidazole-loaded organogels showed diffusion-mediated release of drug from the organogel matrix. The antimicrobial assay showed a good inhibitory action of the drug-loaded organogels against E. coli. The critical gelator concentration of sorbitan monostearate was 15% w/w, which was much lower as compared to the reported literatures. The developed organogels showed a controlled release of metronidazole (46%-64% w/w) compared to the previously reported sorbitan monostearate-based organogels. Hence, the developed organogels can be considered as probable matrices for a controlled release of the antimicrobials for topical application.
